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ABSTRACT
We report the discovery of two transiting planets orbiting K2-290 (EPIC 249624646),
a bright (V=11.11) late F-type star residing in a triple-star system. It was observed
during Campaign 15 of the K2 mission, and in order to confirm and characterise the
system, follow-up spectroscopy and AO imaging were carried out using the FIES,
HARPS, HARPS-N, and IRCS instruments. From AO imaging and Gaia data we
identify two M-dwarf companions at a separation of 113 ± 2 AU and 2467+177−155 AU.
From radial velocities, K2 photometry, and stellar characterisation of the host star,
we find the inner planet to be a mini-Neptune with a radius of 3.06± 0.16 R⊕ and an
orbital period of P = 9.2 days. The radius of the mini-Neptune suggests that the planet
is located above the radius valley, and with an incident flux of F ∼ 400 F⊕, it lies safely
outside the super-Earth desert. The outer warm Jupiter has a mass of 0.774±0.047MJ
and a radius of 1.006 ± 0.050RJ, and orbits the host star every 48.4 days on an orbit
with an eccentricity e < 0.241. Its mild eccentricity and mini-Neptune sibling suggest
that the warm Jupiter originates from in situ formation or disk migration.
Key words: planets and satellites: detection – planets and satellites: individual:
K2-290 – planets and satellites: individual: EPIC 249624646 – planets and satellites:
formation
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1 INTRODUCTION
With the success of the Kepler mission (Borucki et al. 2010),
exoplanetary science entered a new era. With the breakdown
of its second reaction wheel in 2013, the spacecraft contin-
ued operating through the K2 mission (Howell et al. 2014).
Because of its monitoring of fields at the ecliptic in timeslots
of ∼ 80 days, the K2 mission has been able to target an area
of the sky, which will have limited coverage in the TESS
mission (Ricker et al. 2014). Combined, Kepler and K2 have
to date discovered more than 2500 confirmed planets1 – an
essential achievement for our understanding of these new
worlds.
Of the large number of exoplanets discovered, some are
very different from the Solar System planets. This is e.g.
the case for super-Earths and mini-Neptunes, which have
sizes between Earth and Neptune, and for hot and warm
Jupiters, which are Jupiter-sized planets with orbital peri-
ods of < 10 days and between 10 and ∼ 200 days, respec-
tively. Our understanding of the formation of these planets
is still limited. In the case of hot Jupiters it appears as if
they formed at significantly larger orbits than where we find
them now2, but their migration mechanism(s) is yet to be
determined (see Dawson & Johnson (2018) for a review).
Planetary migration via angular momentum exchange with
the protoplanetary disk (e.g. Lin et al. 1996) would lead to
low eccentricity orbits roughly aligned with the disk mid-
plane. Whereas high-eccentricity migration (e.g. Rasio &
Ford 1996) would lead to large eccentricities (& 0.2) and
orbits outside the disk midplane. Interpretation of these or-
bital parameters in the framework of planet formation and
migration is however complicated by tidal damping of orbital
eccentricities (e.g. Bonomo et al. 2017) and by tidal align-
ment of orbital and stellar spins (Winn et al. 2010; Albrecht
et al. 2012b), the latter being under debate (see Zanazzi &
Lai (2018) and references therein).
Some warm Jupiters might be progenitors of hot
Jupiters, but their orbits will be altered less by tidal damp-
ing due to the larger separations from the host stars (Petro-
vich & Tremaine 2016). In addition, studying the eccen-
tricity (Dong et al. 2014) and companionship (Huang et al.
2016) of warm Jupiter systems, it has been proposed that
warm Jupiters originate from two different formation paths:
high-eccentricity migration (i.e. as hot Jupiter progeni-
tors) and in situ formation. If they originate from high-
eccentricity migration these are predicted to have undergone
secular eccentricity oscillations by the hand of an outer close-
by high-mass companion and have high eccentricities (> 0.4;
Dong et al. 2014; Petrovich & Tremaine 2016) and no low-
mass inner companions (Mustill et al. 2015), while if they
form in situ they should have low eccentricities (< 0.2; Petro-
vich & Tremaine 2016) and inner low-mass siblings with low
mutual inclinations (Huang et al. 2016). Determinating com-
panionship and orbital eccentricities should therefore shed
light on the origin of both hot and warm Jupiters (see Daw-
son & Johnson 2018, and references therein).
In the case of warm and hot Jupiters forming through
dynamical pertubations of their orbits, the formation might
1 https://nasa.gov/mission_pages/kepler
2 see however Batygin et al. (2016) for specific scenarios of in situ
formation.
Table 1. Observation log of K2-290 containing the different types
of observation, instrument, instrument resolution, no. of obser-
vations made and observing dates. Notes:1The original no. of
observations.
Type Inst. Spec. res. No. of obs. Obs. date
Phot. Kepler – 39091 2017 8/23 – 11/20
HARPS 115000 16 2018 2/23 – 5/12
Spec. HARPS-N 115000 6 2018 2/20 –7/14
FIES 47000 11 2018 5/12 – 7/13
Imaging IRCS – 2 2018 3/29 & 6/14
be somewhat more efficient within a triple star system than
in binary star systems (see Hamers 2017, and references
therein). However, only a couple dozens of planetary sys-
tems have been confirmed to be in triple star systems3. We
are only aware of two of these having multiple planets: GJ
667C (Anglada-Escude´ et al. 2012; Feroz & Hobson 2014)
and Kepler-444A (Campante et al. 2015), both of which con-
tain no giant planets.
Here we present the discovery, confirmation and char-
acterisation of the multitransiting planet system K2-290
(EPIC 249624646) detected by the K2 mission. K2-290b is a
mini-Neptune on a ∼ 9.2 day orbit, while K2-290c is a warm
Jupiter with an orbital period of ∼ 48.4 days. They both
orbit the bright late F-type sub-giant K2-290 (V = 11.11),
which in turn have two stellar companions, probably as a
member of a triple-star system. We used a combination of
Kepler photometry, high-resolution spectrocopy from FIES,
HARPS and HARPS-N and AO imaging from IRCS to de-
tect and characterise the planets and their orbits. This was
done as part of the KESPRINT collaboration4, which aims
to confirm and characterise K2 and TESS systems (see e.g.
Van Eylen et al. 2018b; Livingston et al. 2018; Johnson et al.
2018).
The paper is structured in the following way: In sec-
tion 2 the observational data consisting of photometry, spec-
troscopy and AO imaging are presented. The analysis of the
host star and its two companions is presented in section 3,
while section 4 deals with the planetary confirmation and
characterisation of K2-290b and K2-290c. In section 5 our
findings are discussed and put into context.
2 OBSERVATIONS
To detect, characterise and analyse the planets and stars in
the system, we use several different types of observations.
This includes photometry, high-resolution spectroscopy, and
AO imaging. An overview of the data sources and data char-
acteristics can be found in Table 1. A detailed description of
the observations are given in this section.
3 Catalogue introduced in Schwarz et al. (2016)
4 https://iac.es/proyecto/kesprint/
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2.1 K2 photometry
The star K2-290 was observed by the Kepler space telescope
in Campaign 155 of the K2 mission (Howell et al. 2014). A
total of 3909 long-cadence observations (29.4 min integra-
tion time) were made of this target between August 23 and
November 20 2017. For a detailed analysis, we downloaded
the pre-processed lightcurve from MAST6, which is reduced
from the raw data following the procedure described in Van-
derburg & Johnson (2014). The search method for transiting
exoplanet candidates in the K2 data is described in Dai et al.
(2017), which follows a similar approach as Vanderburg &
Johnson (2014).
Two transit signatures were detected in the lightcurve
of K2-290 with periods of ∼ 9.2 days and ∼ 48.4 days and
depths of ∼ 0.03% and ∼ 0.5%, respectively (see Fig. 6).
This is consistent with a mini-Neptune or super-Earth and
a warm Jupiter orbiting a slightly evolved F8 star.
The out-of-transit signal is fairly quiet: we find no ev-
idence of recurring stellar spots and in general no signs of
any additional periodic signals in the lightcurve.
2.2 Spectroscopy
Spectroscopic observations of K2-290 were carried out be-
tween 2018/02/20 and 2018/08/28 using the FIES, HARPS,
and HARPS-N spectrographs.
The FIES (Fiber-fed Echelle Spectrograph; Telting
et al. 2014) spectra were gathered between 2018/05/12 and
2018/07/13 at the 2.56 m Nordic Optical Telescope (NOT)
of Roque de los Muchachos Observatory, La Palma, Spain.
We obtained 11 med-resolution spectra (R ∼ 47000) as
part of the Nordic and OPTICON programmes 57-015 and
2018A/044, using the observing strategy described in Gan-
dolfi et al. (2013). The spectra were reduced using standard
IRAF and IDL7 routines, and radial velocities (RVs) were
extracted through fitting Gaussians to multi-order cross-
correlation functions (CCFs) using the stellar spectrum with
the highest S/N as template.
Between February 23 and August 28 2018, we also ob-
tained 16 high-resolution (R ∼ 115000) spectra with the
High Accuracy Radial velocity Planet Searcher spectrograph
(HARPS; Mayor et al. 2003) mounted at the ESO 3.6 m
telescope of La Silla observatory. The spectra were gath-
ered in connection with the ESO programmes 0100.C-0808
and 0101.C-0829. The data were reduced using the offline
HARPS pipeline. The RVs were extracted through cross-
correlations of the processed spectra with a G2 numerical
mask (Pepe et al. 2002).
We further used the HARPS-N spectrograph (Cosentino
et al. 2012) installed at the 3.6 m Telescopio Nazionale
Galileo (TNG) of the Roque de los Muchachos Observa-
tory, La Palma, Spain. Here we collected 6 high-resolution
(R ∼ 115000) spectra between 2018/02/20 and 2018/07/14
as part of the Spanish and TAC programmes CAT17B 99,
CAT18A 130, and A37TAC 37. The data were reduced and
5 Guest observer programmes GO15009 LC, GO15021 LC,
GO028 LC and GO083 LC.
6 https://archive.stsci.edu/prepds/k2sff
7 https://idlastro.gsfc.nasa.gov/
RVs extracted using the same procedure as done for the
HARPS data.
In total, 33 spectra were obtained and reduced. In Ta-
ble B1 we list the barycentric time of mid-exposure, the RVs,
the RV uncertainties (σRV ), the bisector span (BIS) and the
full-width at half maximum (FWHM) of the CCFs, the ex-
posure times, the signal-to-noise ratios (S/N) per pixel at
5500 A˚, and the instrument used for a specific observation.
We performed a frequency analysis of the RV mea-
surements to test whether the two transiting planet can-
didates are detectable in the spectroscopic data. This was
done by computing the generalized Lomb-Scargle (GLS) pe-
riodogram (Zechmeister & Ku¨rster 2009) of the combined
FIES, HARPS, and HARPS-N measurements. The RV data
were first corrected for the instrument offsets using the val-
ues derived from the global analysis described in Sec. 4.4.
The GLS periodogram (Fig. 1, left panel) shows a significant
peak at the orbital frequency of planet c (false alarm prob-
ability FAP < 0.1%, calculated using the bootstrap method
from Kuerster et al. 1997), indicating that we would have
been able detect planet c even in the absence of the K2 pho-
tometry. However, we do not see a significant peak at the
frequency of planet b. Even subtracting the best-fitting Ke-
plerian model for planet c (from the analysis described in
Sec. 4.4), we see no signs of its small sibling (Fig. 1, right
panel).
2.3 AO Imaging
We conducted adaptive optics (AO) imaging using IRCS
(Infrared Camera and Spectrograph; Kobayashi et al. 2000;
Hayano et al. 2010) on the 8.2 m Subaru Telescope at the
Mauna Kea Observatory, Hawaii, US as part of the pro-
gramme S18A-089. With these observations we aimed at rul-
ing out a false positive transit signal caused by an eclipsing
binary as well as to search for potential stellar companions
of K2-290. We obtained H band observations on March 29
2018 and K ′ band observations on June 14 2018. For both
observing bands we executed two sequences: one for satu-
rated frames and the other for unsaturated, with a five-point
dithering. Since the target image becomes saturated with
the shortest integration (< 1 s), we used a neutral-density
(ND) filter (transmittance ∼ 1%) for unsaturated frames.
The total integration times for the saturated frames were
75 s and 37.5 s, for the H and K ′ bands, respectively. We
used the target star itself as a natural guide star for AO.
The images in both bands were reduced following the pro-
cedure described in Hirano et al. (2016a). We describe our
procedures for contrast analysis and aperture photometry
in Sec. 3.2. The contrast curves and reduced AO images in
both the H and K ′ bands are inset in Fig. 2. We note that
the central part of the H band image is saturated and that
it clearly displays a deformation. While we have not been
able to pinpoint the exact cause, we assume here that it
is related to the instrument or sky condition. However, the
photometry uncertainty caused by this deformed PSF can be
mitigated since we performed a relative photometry between
the companion’s Point Spread Functions (PSFs) observed in
the saturated images and the parent star’s PSF observed in
the unsaturated images, which were obtained soon before
the saturated frames.
The resulting AO images hints at the presence of a pos-
MNRAS 000, 1–13 (2018)
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Figure 1. The GLS periodograms of the RVs using offsets subtracted data only (left) and additionally the best-fitting keplerian model
for planet c subtracted (right). The dashed vertical lines mark the frequencies at which we expect to find the signals for planet b and c,
given the orbital periods from the photometric data. The dashed horizontal lines indicate the respective 0.1% false alarm probabilities.
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Figure 2. The 5-σ contrast curves and 4′′×4′′ Field-of-view AO images (inset) in the H band (left) and K′ band (right) for observations
done with the IRCS at the Subaru Telescope. With K2-290 in the center, the images reveal a faint neighbouring star about 0.4′′ away.
sible companion only ∼ 0.4′′ away and reveals another pos-
sible companion star at a distance of ∼ 10′′ (not displayed
in the image, see Sec. 3.2). From now on, the potential inner
companion will be referred to as star B, and the potential
outer companion as star C.
3 STELLAR CHARACTERISATION
3.1 Host star properties
In the first step of the data analysis, we aimed to determine
the absolute stellar parameters of K2-290. To this end, we
created a high signal-to-noise (S/N) spectrum by co-adding
the individual HARPS spectra having S/N ratios of 60 per
spectral pixel at 5500 A˚ (see Table B1). This resulted in a co-
added spectrum with a total S/N of ∼ 150. We then used the
iSpec framework (Blanco-Cuaresma et al. 2014) to fit syn-
thetic stellar spectra computed using the SYNTHE (Kurucz
1993) with MARCS model atmospheres (Gustafsson et al.
2008) to the high S/N spectrum. We assumed a Gaussian
spectral PSF with a FWHM corresponding to R = 115000
over the spectral bandpass of the HARPS spectrograph. We
fitted the effective stellar temperature (Teff), surface grav-
ity (log g), metallicity ([Fe/H]) and projected stellar rotation
speed (v sin i?), while fixing the micro- and macroturbulence
parameters (vmic and vmac). We fixed vmic = 1.3 km s−1
and vmac = 5.0 km s−1 using the empirical relations cali-
brated for the Gaia-ESO Survey as implemented in iSpec
(Blanco-Cuaresma et al. 2014). We have tested that fixing
vmic and vmac do not significantly affect the derived spectro-
scopic parameters compared to keeping them free. Macro-
turbulence vmac and rotational broadening v sin i? are de-
generate at the resolution and S/N of our spectrum. The
choice of vmac therefore affects v sin i?, but not other quanti-
ties. vmic is similarly difficult to determine accurately from
the spectrum, but only affects other quantities weakly. We
have reanalysed the spectrum while keeping vmic and vmac
free, and find parameters that agree within their uncertain-
ties. After carrying out the fit we combined the information
MNRAS 000, 1–13 (2018)
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Table 2. Identifiers, coordinates, kinematics and magnitudes of
the host star K2-290. EPIC is the Ecliptic Plane Input Catalogue
(https://archive.stsci.edu/k2/epic/search.php), while Gaia
refer to parameters extracted from Gaia DR2 (Gaia Collaboration
et al. 2018, https://gea.esac.esa.int/archive/). Besides the
Kepler magnitude, the magnitudes from EPIC are collected from
Høg et al. (2000) and Cutri et al. (2003). Notes: *As discussed
in Sec. 4.1, the literature magnitudes reflect the combined magni-
tudes of the host star and star B. †Obtained from estimated Sloan
r and g magitudes for star B, converted to Kepler-magnitude us-
ing Brown et al. (2011) (see Sec. 4.1). ‡Assuming the K′-band of
IRCS is equal to the K-band of 2MASS.
Parameter Value Source
K2 290
EPIC 249624646 EPIC
TYC 6193-663-1 EPIC
Gaia DR2 6253844468882760832 Gaia
α (J2000.0) 15h 39m 25.865s EPIC
δ (J2000.0) -20◦ 11m 55.74s EPIC
parallax (mas) 3.636±0.050 Gaia
distance (pc) 275.0±3.8 Gaia
systemic RV (km s−1) 19.70±0.37 Gaia
µα (mas yr
−1) 27.225±0.099 Gaia
µδ (mas yr
−1) -16.893±0.066 Gaia
Combined mag.*
G 10.8204±0.0004 Gaia
Kepler 10.784 EPIC
B 11.68±0.11 EPIC
V 11.11±0.11 EPIC
J 9.771±0.022 EPIC
H 9.477±0.022 EPIC
K 9.420±0.019 EPIC
g 11.179±0.030 EPIC
r 10.784±0.030 EPIC
i 10.614±0.020 EPIC
Derived host star mag.
Kepler† 10.785 This work
H 9.494±0.022 This work
K‡ 9.441±0.019 This work
Derived parameters
M? (M) 1.194+0.067−0.077 This work
R? (R) 1.511+0.075−0.072 This work
ρ? (g cm
−3) 0.485+0.074−0.064 This work
Teff,? (K) 6302 ± 120 This work
log g? (cgs) 4.23 ± 0.10 This work
v sin i? (km s−1) 6.5 ± 1.0 This work
[Fe/H] (dex) −0.06 ± 0.10 This work
age (Gyr) 4.0+1.6−0.8 This work
extracted from our spectroscopic analysis (Teff, log g, and
[Fe/H]) with the Gaia DR2 parallax (Gaia Collaboration
et al. 2018) and apparent magnitude in the H-band (cor-
rected for the contamination of the close companion, see Sec.
4.1). For the parallax error, 0.1 mas is added in quadrature
to account for systematic uncertainties (Luri et al. 2018).
We estimate an interstellar reddening using the dust map
by Green et al. (2018). Reddening is transformed into ex-
tinction in the H-band using the relations by Casagrande
& VandenBerg (2014, 2018). Using the recently updated
isochrones from the BaSTI database (Hidalgo et al. 2018)
and the BAyesian STellar Algorithm BASTA (Silva Aguirre
300035004000450050005500600065007000
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Figure 3. The H-R diagram for K2-290 (star A) and its two
stellar companions (star B and star C) together with BaSTI
isochrones ranging from 2.0 to 5.0 Gyr and with [Fe/H] = −0.1.
et al. 2015) we obtain a stellar mass of 1.19+0.07−0.08 M, a ra-
dius of 1.51+0.08−0.07 R, and an age of 4.0+1.6−0.8 Gyr. See Table 2
for a complete listing of the parameters. As a consistency
check we use the reddening- and contamination-corrected V
magnitude, the Gaia DR2 parallax and the spectroscopic
Teff to determine the stellar radius using the Torres (2010)
bolometric correction. We derive a radius R∗ = 1.42± 0.1R,
in agreement within 1σ of the radius derived using BASTA.
3.2 Stellar companions
In order to determine whether star B is a background star
or physically associated with the planetary host star, we
apply aperture photometry to the AO images. Saturation in
the frames was corrected for by dividing the flux counts by
the integration time for each image, in addition to taking
the transmittance of the ND filter into account. However,
because the potential companion is located in the halo of
the host star in our observations, we have to deal with that
first.
Because the asymmetric PSF could introduce system-
atic errors in the flux measurements if performed via radial-
profile-subtraction of star A, we choose the following ap-
proach to estimate the flux ratio in the bands: The halo of
the host star is suppressed by applying a high-pass filter
with a width of 4 FWHM. The filter not only suppresses
flux from the host star, but also reduces flux from star B.
High-pass filtering introduces a flux loss of the companion,
but the asymmetry in PSF has less impact on the compan-
ion’s photometry since no specific shape is assumed for the
targets radial profile. Following Hirano et al. (2016b), the
loss in flux is estimated by injecting an artificial stellar sig-
nal representing the possible companion into the original
image, at an angular distance similar to the true signal. We
found that the high-pass filter reduces the flux from the in-
jected star by approximately 5%. Taking this into account,
we derive magnitude differences for the host star and star B
of ∆HB = 4.474 ± 0.092 mag and ∆K ′B = 4.270 ± 0.036 mag.
After applying the high pass filter we employed aper-
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6 M. Hjorth et al.
Table 3. Available identifiers, coordinates, kinematics and mag-
nitudes of the two stellar companions to K2-290, together with
derived parameters from analysis of the AO images. Gaia refer to
parameters extracted from Gaia DR2 (Gaia Collaboration et al.
2018, https://gea.esac.esa.int/archive/), while 2MASS mag-
nitudes are from Cutri et al. (2003). Notes: *Obtained from es-
timated Sloan r and g magitudes for star B, converted to Kepler-
magnitude using Brown et al. (2011) (see Sec. 4.1). †Assuming
the K′-band of IRCS is equal to the K-band of 2MASS.
Parameter Value Source
Star B (Close-by component)
AO imaging H-band
∆H 4.474±0.092 This work
ang. sep. (arcsec) 0.389±0.008 This work
pos. angle (degree) 160.1±1.4 This work
AO imaging K′-band
∆K′ 4.270±0.036 This work
ang. sep. (arcsec) 0.411±0.015 This work
pos. angle (degree) 159.2±2.8 This work
Derived mag.
Kepler* 17.981 This work
H 13.968±0.093 This work
K† 13.711±0.040 This work
Derived parameters
MB (M) 0.368 ± 0.021 This work
RB (R) 0.354 ± 0.017 This work
Teff,B (K) 3548 ± 70 This work
Star C (Far away component)
Gaia DR2 6253844464585162880 Gaia
α (J2000.0) 15h 39m 28.390s Gaia
δ (J2000.0) -20◦ 12m 7.282s Gaia
parallax (mas) 4.053±0.271 Gaia
distance (pc) 247+18−16 Gaia
µα (mas yr
−1) 27.224±0.099 Gaia
µδ (mas yr
−1) -16.484±0.370 Gaia
G 18.592 ± 0.0027 Gaia
J 15.400±0.060 2MASS
H 14.806±0.067 2MASS
K 14.534±0.061 2MASS
Derived parameters
MC (M) 0.253 ± 0.010 This work
RC (R) 0.263 ± 0.010 This work
Teff,C (K) 3397+77−63 This work
ture photometry and then fitted 2D Gaussians to estimate
the location of the nearby companion for each band. We find
angular separations of 0.389±0.008 arcsec in the H-band and
0.411 ± 0.015 arcsec in the K ′-band for the close-in compan-
ion.
As an additional consistency check for the photometric
flux derivation we performed a photometry analysis in the
K ′-band on a radial-profile subtracted image. This revealed
a magnitude difference of ∆K ′B = 4.256 ± 0.008 mag, con-
sistent with the above analysis, ∆K ′B = 4.270 ± 0.036 mag.
Unfortunately due to the asymmetric PSF in the H-band,
we could not perform such an analysis there. In the following
we will use the latter value, such that our flux estimates for
the H- and K ′-bands are derived in a consistent way.
Contrast analysis and aperture photometry was not per-
formed for the outer star (star C), which is therefore not
displayed in the inset images in fig. 2. This is because it is
far enough away to not cause blending effects in the light
curve of the host star, and because it was at the very edge
of the detector in the AO images, complicating the contrast
analysis. Furthermore, a sufficient number of literature val-
ues of the magnitudes is already available for a thorough
stellar analysis of star C.
We derive fundamental parameters of star B and star C
using BASTA. We assume a distance and metallicity similar to
the host star. For star B, we fit the H magnitude computed
using the magnitude difference ∆H from the AO analysis
and the combined H magnitude of the host star and star B
from 2MASS. An absolute value of the K ′ magnitude has
not been measured for the two stars. We therefore use only
the H band for extracting stellar parameters for star B8. For
star C, we fit the 2MASS JHK magnitudes. The masses, radii
and temperatures of the companions are reported in Table 3.
We stress that the uncertainties on the derived parameters
are internal to the BaSTI isochrones used. We place the
three stars in an HR diagram, see Fig. 3. Star A is a slightly
evolved F8 star while Star B and C are both M-dwarfs.
For the host star and companion C the Gaia DR2 cata-
log provides parallaxes of 3.64±0.05 mas and 4.05±0.27 mas,
respectively. These translate to line-of-sight distances of
275 ± 4 pc and 247+18−15 pc, consistent with the analysis of
the isochrones and our assumption of physical association.
Star B is not resolved in the Gaia data. The angular separa-
tion of star B and C translates into separations of 113±2 AU
and 2467+177−155 AU from K2-290, using the parallax of the host
star. The close proximity of star B to star A makes it likely
that the two stars are indeed also physically associated and
that B is at the same distance from us as A and C. To quan-
tify this statement we calculated the probability of a chance
alignment for A and B making use of the Besanc¸on Galac-
tic population model9 (Robin et al. 2003). Using the default
parameters10, the model predicts 2413 background sources
as bright or brighter than star B in a 1 deg2 area surround-
ing star A. Scaling to an area just enclosing star A and B
(i.e. with a radius of ∼ 0.4 arcsec), the probability of chance
alignment is < 0.01%. Given this value we assume in the fol-
lowing that star B is physically associated with star A, and
acknowledge that this association is based on a probability
statement. This seems to also be the case for companion
C, since it shares the same proper motion as the host star
(see Tables 2 and 3). In conclusion, K2-290 is most likely a
member of a triple star system.
4 PLANETARY ANALYSIS
In this section we test whether the photometric transits are
a result of a false positive scenario, in particular component
B being an eclipsing binary. We then describe the transit
model as well as our RV model, and how we jointly fit these
to extract system parameters from the data.
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Figure 4. Correlation between the CCF bisector inverse slopes
and the radial velocities from the HARPS, HARPS-N and FIES
spectrographs. The offsets for each spectrographs has been sub-
tracted, with the best-fitting values found during the global mod-
elling of the photometry and spectroscopy as described in Sec.
4.4.
4.1 False positive analysis
We test the scenarios in which the apparent transits do not
originate from a planet occulting the host star, but instead
from component B being a system of eclipsing binaries or
being the host star of both planets. We do this because star
B is not spatially resolved in the K2 photometric lightcurve,
due to its close proximity to the host star and pixel sizes of
the spacecraft. The amount of flux received therefore also
needs to be corrected, in order for the normalized transit to
not appear too shallow. This is done by comparing the H11
magnitude for the companion to BaSTI isochrones, assum-
ing the reddening, metallicity and age is the same as for the
planetary host star. From this we can obtain Sloan r and
g magnitudes of star B, which can be converted to a Ke-
pler magnitude using the relation presented in Brown et al.
(2011). This analysis reveals that the close-by companion is
∼ 7.2 mag fainter in the Kepler band-pass, corresponding to
a flux contribution of ∼ 0.1−0.2% in the light curve. This in-
dicates that the large planet must be orbiting the bright star,
since star B is too faint and its light is too red to account for
transits of the observed depths in the Kepler-band: Assum-
ing the companion is totally eclipsed the blended transit
depth will only be the afforementioned ∼ 0.1 − 0.2%. This
is too shallow to produce the deepest transits, which have
depths of 0.5%. If the smallest transit signals is due to the
companion being an eclipsing binary diluting the signal, the
transit depth of 0.03% would mean that ∼ 15 − 30% of the
companion should be covered during transit. This would lead
8 Even though the K′ band of IRCS (1.95–2.30 µm) is similar to
the K band of 2MASS (1.95–2.36 µm), we wanted to keep the
analysis to bands in which we could strictly compare. However,
assuming K′ = K and repeating the analysis gave the same results.
9 http://modele2016.obs-besancon.fr
10 Specified in appendix A.
11 As mentioned above, an absolute value of the K′ magnitude
has not been measured for the host star. We therefore use only
the H band for comparison between the two stars.
to a V-shaped transit, which is inconsistent with what we
observe (see left panel of Fig. 6). Therefore, both planets are
highly unlikely to be false positives. In the system analysis,
the blending of the close companion is taken into account by
subtracting its flux contribution from the photometric light
curve.
Another analysis can be done by examining the asym-
metry of the line profile, via investigating whether there is a
correlation between the CCF bisector inverse slopes (BISs)
and the RVs (e.g. Queloz et al. 2001). Fig. 4 displays the BIS
as a function of the RV data, showing no signs of correlation
– particularly if each instrument is considered separately.
This suggests that the Doppler shifts of K2-290 are due to
the orbital motion of the large planet, and not an astrophys-
ical false positive.
A third false positive check can be performed by com-
paring stellar parameters from the analysis of the host star
described in Sec. 3 with transit observables extracted as de-
scribed in the following sections. Assuming circular orbits,
we calculate stellar densities ρ?,circ of 0.51 ± 0.20 g cm−3
and 0.55 ± 0.07 g cm−3 using the best-fitting parameters for
planet b and c from an analysis without a prior on the stel-
lar spectrocopic density ρ?. With the exclusion of this prior,
we assume that the best-fitting parameters of the transits
are not strongly linked to the extracted stellar parameters.
These densities agrees with the value from the stellar anal-
ysis of the host star ρ? = 0.485 ± 0.07 g cm−3. Using the
values of RB, RC , MB and MC from the companion anal-
ysis in Sec. 3.2 we retrieve mean densities of the stars of
ρB = 12.2± 2.2 g cm−3 and ρC = 20.1± 2.4 g cm−3. These do
not agree with the values obtained from the transit parame-
ters, and are therefore inconsistent with the planets orbiting
either of the two M dwarf companions, further verifying that
both planets orbit star A.
4.2 Transit model
From the photometric data, each transit is isolated in a win-
dow spanning 15 hr on either side of the mid-transit time.
The photometric uncertainty σP is estimated as the stan-
dard deviation of the normalized out-of-transit data in these
windows. The transits are normalized individually by in-
cluding a quadratic polynomial fit of the data to the transit
model during the parameter evaluation described in Sec. 4.4.
The transit lightcurve with a quadratic limb-darkening pro-
file is modeled using batman (Kreidberg 2015), a Python
package which calculates the lightcurve analytically based
on the formalism of Mandel & Agol (2002). When mod-
elling the light curve, the Kepler 29.4 min integration time
is mimicked by integrating over 10 models which had been
evaluated in a time interval of 29.4 min. The free parame-
ters for each transiting planet are the orbital period Pk , the
mid-transit time T0k , the scaled planetary radius Rpk/R?,
the scaled orbital distance ak/R?, and its orbital inclination
ik . The index k runs over planet b and c. For planet c, which
influence we could identify in the RV data (see Sec. 2.2),
we both investigate a circular and eccentric solution (see
Sec. 4.5). In the latter, the orbital eccentricity e and the ar-
gument of periastron ω are treated as free parameters. For
efficiency we step in
√
e cosω and
√
e sinω (Ford 2006; An-
derson et al. 2011). We find that we cannot sufficiently con-
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strain the eccentricity of planet b, and we therefore assume
the orbit of the small planet to be circular. This is consis-
tent with Van Eylen & Albrecht (2015) and Van Eylen et al.
(2018a), which show that near-zero eccentricity is likely for
a small planet in a system with multiple transiting plan-
ets, and that the eccentricity distribution of such planets
can be described by the positive half of a Gaussian distri-
bution, which peaks at zero eccentricity and has a width of
σ = 0.083+0.015−0.020. Stellar limb darkening is modeled assum-
ing a quadratic limb-darkening law with parameters c1 and
c2. Finally we introduce an additional term σK2 in an at-
tempt to capture any unacccounted photometric noise (e.g.
caused by planetary spot crossing), similar to the jitter term
often used in the RV work. This is added in quadrature to
the photometric errors. With the 735 photometric measure-
ments considered here, the log-likelihood for the photometry
alone then becomes:
lnLP = −12
735∑
i=1
©­­«ln
(
2pi
[
σ2i + σ
2
K2
] )
+
[Pi(O) − Pi(C)]2[
σ2
P
+ σ2
K2
] ª®®¬ (1)
where Pi(O) and Pi(C) are the observed and calculated val-
ues of the i’th photometric data point, σP = 0.000056 is
the internal measurement uncertainty estimated from the
out-of-transit lightcurve and σK2 contains any additional
photometric noise.
4.3 Radial velocity model
The radial velocity shifts of the host star due to the gravi-
tational pull of the planets is modeled with a simple Keple-
rian model. Because we found no signs of planet b in the RV
data (see Sec. 2.2), our RV model only includes planet c. The
additonal parameters needed are the RV semi-amplitude K
and RV offsets γ as well as jitter terms σjit for each spec-
trograph. The latter accounts for any stellar or instrumental
noise not captured in the internal uncertainties and is added
in quadrature. The log-likelihood for the 33 RV data points
is:
ln LRV = −12
33∑
j=1
(
ln
(
2pi
[
σ2j + σ
2
jit
] )
+
[
RVj (O) − RVj (C) − γ
]2[
σ2j + σ
2
jit
] )
(2)
where j indexes the 33 observations. RVj (O) and RVj (C) are
the observed and calculated values of the j’th RV data point
at time tj , with the corresponding internal measurement un-
certainty σj , while γ and σjit are the RV offset and jitter
parameters, which differ for each spectrograph.
4.4 Comparing models and data
To determine the parameters and their posterior distribu-
tion, we model the photometric and RV data together, fit-
ting them jointly. In summary, the fitting parameters of the
joint analysis are for each planet the orbital period P, the
mid-transit time T0, the scaled planetary radius Rp/R?, the
scaled orbital distance a/R?, and its orbital inclination i.
For planet c, we also fit for the RV semi-amplitude K and
in addition we experiment with both a circular solution, as
well as an eccentric analysis via the parametrization
√
e cosω
and
√
e sinω. The fitting parameters connected to the star
are the quadratic limb-darkening parameters c1 and c2. The
fitting parameters for the instruments are the noise/jitter
terms σ and systemic RV velocities γ.
For the limb-darkening coefficients we impose a Gaus-
sian prior using the values c1 = 0.31 and c2 = 0.30 from an
interpolation of the Kepler-band tables in Claret & Bloe-
men (2011) obtained via Eastman et al. (2013)12, and with
an uncertainty width of 0.1. From the spectroscopic anal-
ysis we obtained a mean stellar density of the star ρ? =
0.485 ± 0.07 g cm−3. With a well-determined orbital period,
we can use this information as an additional prior in our
analysis, as photometric data also constrains the stellar den-
sity for particular orbital shapes and orientations (see Van
Eylen & Albrecht 2015, and references therein). Therefore,
we use this prior information and the transit photometry to
support the e and ω measurements from the RV data when
exploring the eccentric model. The rest of the parameters
are uniformly sampled. The priors on ρ?, c1 and c2 have a
log-likelihood lnLprior. The total log-likelihood is the sum
of eq. 1, 2 and lnLprior:
lnL = lnLP + lnLRV + lnLprior. (3)
The posterior distribution of the fitting parameters are sam-
pled using the MCMC Python package emcee (Foreman-
Mackey et al. 2013). We initalize 220 walkers near the max-
imum likelihood result, advancing them for 10000 steps and
abandoning the 5000 first steps as the burnt-in sample, at
which point the walkers have converged.
4.5 Planet parameters
The parameter values corresponding to the median of the
MCMC posterior distributions are reported in Table 4 to-
gether with their 1σ uncertainties. The RVs and phasefolded
RVs for planet c is shown in Fig. 5, while the phasefolded
lightcurves for planet b and c are displayed in Fig. 6.
To account for any long-term trend from a possible long-
period unseen companion, we could also allow for a linear
drift of the RV signal, Ûγ. Including this in the analysis, and
selecting BJD 2458169.785818 – the time of the first RV ob-
servation – as our zeropoint in defining Ûγ, we find a linear
drift of 0.02 ± 0.02 m s−1 d−1. This shows that any possi-
ble RV trend is insignificant within 1σ. To further check
whether we are justified in excluding a possible RV drift in
our analysis, we compute the Bayesian Information Crite-
rion (BIC). This is done for both an analysis including and
excluding Ûγ. With 768 total RV and photometry measure-
ments (as well as 3 priors), and 22 (23) model parameters
excluding (including) the linear drift, we obtain a difference
in BIC of 8. It favours the model excluding Ûγ, but we note
that there are no significant differences in parameter values
between the two models. The parameters values reported in
Table 4 are for an analysis excluding the drift.
Because of the non-detection of K2-290b in the RV data
(see Sec. 2.2 and Fig. 1), it was not possible to confidently
12 http://astroutils.astronomy.ohio-state.edu/exofast/
limbdark.shtml
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Figure 5. RV measurements of K2-290c from the HARPS, HARPS-N and FIES spectrographs, together with the best-fitting circular
model from the joint analysis of the photometry and spectroscopy (solid line) and the corresponding model for an eccentric orbit
(dash-dotted line). Left: The RVs as a function of time. Right: The phasefolded RV. The bottom plots show the residuals between
the observations and best-fitting model for the circular and eccentric case. The eccentricity from the eccentric analysis is most likely
overestimated and we therefore consider the circular model to be a better description of the data (see Sec. 4.5). The values of the
corresponding parameters are displayed in Table 4 (Table B2 for the eccentric case), and the data points are presented in Table B1.
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Figure 6. Phasefolded transit light curves of K2-290b (left) and K2-290c (right) observed with K2, together with the best-fitting
model from the joint analysis of the photometry and spectroscopy (solid line). The bottom plot shows the residuals. The values of the
corresponding best-fit parameters are displayed in Table 4. The dashed line on the left plot indicates the modelled light curve in the case
of the shallow transit signal being a false positive caused by star B. In order to reproduce the observed depth in the combined light of
star A and B, this would require star B to be an eclipsing binary diluting star A with a transit depth of 15% – 30%. This would lead to
a very V-shaped transit, which is not what we observe. For the deep transit (right plot), even a total eclipse of star B is not sufficient to
reproduce the signal.
determine the mass of the planet. However, using the mass-
radius relationship from Weiss & Marcy (2014), the mass is
estimated to be ∼ 7.6M⊕. This is consistent with the smaller,
close-in planet being a mini-Neptune. The mass translates
into an RV semi-amplitude of ∼2-3 m s−1. Indeed, such sig-
nal would be hidden in the RVs, given the noise level of
the data. Doing an analysis which includes planet b in the
RV fit and allows for varying e and ω for the small planet,
would indicate an RV semi-amplitude K = 1.6+1.7−1.1 m s
−1, an
eccentricity e = 0.119+0.201−0.083 and a mass of Mp = 5.8± 5.1M⊕.
Using the 3σ result of this analysis, we obtain upper limits
of K < 6.6 m s−1 and Mp < 21.1M⊕. We note that the phase
coverage of the RVs of planet b is not ideal, with a large gap
at phases ∼0.1-0.3. However, repeating the frequency analy-
sis of Sec. 2.2 but including noise-adjusted simulated data in
this region with injected K-amplitudes up to 6.6 m s−1, still
does not reveal signals above the 0.1% FAP at the frequency
of planet b (see Figure B1).
For K2-290c we find a mass of 0.774 ± 0.047MJ and
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Table 4. System parameters for K2-290. Notes: *We both investigate a circular and eccentric solution. From the eccentric analysis
we obtain e = 0.144+0.033−0.032 and ω = 70.0 ± 9.0 deg. With ω close to 90 deg the eccentricity from the eccentric analysis is most likely
overestimated and we suspect that the circular model is a better description of the data (see Sec. 4.5). Here we therefore only report the
parameter values from the circular analysis, together with the one-sided 3σ upper limit on e from the eccentric analysis. The complete
set of parameter values of the eccentric solution is given in Table B2. †Upper limit (3σ) value obtained by including planet b in the
RV analysis and allowing e and ω for both planets to vary as well. The 1σ results are given in the text in Sec. 4.5. ‡The values of the
equlibrium temperatures assume a Bond albedo of 0 and no recirculation of heat. The errors only represent propagated internal errors.
Host star parameters (fixed)
Stellar mass M? (M) 1.194+0.067−0.077
Stellar radius R? (R) 1.511+0.075−0.072
Stellar density ρ? (g cm
−3) 0.485+0.074−0.064
Effective temperature Teff,? (K) 6302 ± 120
Surface gravity log g? (cgs) 4.23 ± 0.10
Projected rotation speed v sin i? (km s−1) 6.5 ± 1.0
Metallicity (Fe/H) −0.06 ± 0.10
Age (Gyr) 4.0+1.6−0.8
Parameters from RV and transit MCMC analysis Planet b Planet c (circular)*
Quadratic limb darkening parameter c1 0.330 ± 0.044
Quadratic limb darkening parameter c2 0.219 ± 0.067
Noise term K2 σK2 0.0000209+0.0000044−0.0000052
Jitter term FIES σjit,FIES (m s
−1) 3.1+3.5−2.2
Jitter term HARPS σjit,HARPS (m s
−1) 4.0+1.8−1.7
Jitter term HARPS-N σjit,HARPS-N (m s
−1) 11.6+5.3−8.6
Systemic velocity FIES γFIES (km s
−1) 19.6323+0.0031−0.0030
Systemic velocity HARPS γHARPS (km s
−1) 19.7594 ± 0.0014
Systemic velocity HARPS-N γHARPS-N (km s
−1) 19.7590+0.0056−0.0062
Orbital period P (days) 9.21165+0.00033−0.00034 48.36685
+0.00041
−0.00040
Time of midttransit T0 (BJD) 2457994.7725+0.0016−0.0015 2458019.17333 ± 0.00029
Scaled planetary radius Rp/R? 0.01900 ± 0.00028 0.06848+0.00042−0.00047
Scaled orbital distance a/R? 13.15+0.69−0.66 43.5 ± 1.2
Orbital inclination i (deg) 88.14+0.62−0.50 89.37
+0.08
−0.07
RV semi-amplitude K? (m s
−1) < 6.6† 38.4 ± 1.7
Derived parameters
Orbital eccentricity e 0 (adopted) 0 (adopted, <0.241)
Argument of periastron ω (deg) 90 (adopted) 90 (adopted)
Impact parameter b 0.438 ± 0.023 0.474 ± 0.012
Total transit duration T14 (hr) 4.96 ± 0.31 8.14 ± 0.26
Full transit duration T23 (hr) 4.73 ± 0.40 6.82 ± 0.24
Planetary mass Mp < 21.1 M⊕† 0.774 ± 0.047 MJ
Planetary radius Rp 3.06 ± 0.16R⊕ 1.006 ± 0.050RJ
Planetary mean density ρp (g cm
−3) < 4.1† 1.01 ± 0.16
semi-major axis a (AU) 0.0923 ± 0.0066 0.305 ± 0.017
Equlibrium temperature Teq (K) 1230 ± 38‡ 676 ± 16‡
a radius of 1.006 ± 0.050RJ . Together with its period of
48.36685+0.00041−0.00040 days, this makes the planet a warm Jupiter.
For the eccentric solution of planet c, the posteriors of
the eccentricity e and argument of periastron ω is displayed
in Fig. 7 (black), and indicates that the planetary orbit is
mildly eccentric with e = 0.144+0.033−0.032 and ω = 70.0 ± 9.0 deg.
If we were not careful when removing the blended light from
star B, the eccentricity value could be biased. But, using no
prior on the stellar density ρ? – and thereby essentially only
obtaining information on the eccentricity from the RV data
alone – recovers an eccentricity e = 0.130+0.037−0.028, consistent
with the previous analysis.
Doing the analysis for a circular orbit, and calculating
the BIC of both the eccentric and circular fits, we can test
whether we are justified in including e and ω as two addi-
tional degrees of freedom. We obtain a difference in BIC of
16 in favour of the eccentric solution, suggesting that the
eccentricity of planet c is well determined.
However, we note that ω = 70.0 ± 9.0 deg is close to
90 deg. This warrants some further scrutiny as the RV
method is better at constraining
√
e cos(ω) than √e sin(ω).
Therefore larger confidence intervals for the eccentricity are
allowed for orbital orientations near −90 deg or +90 deg than
near 0 deg or ±180 deg. Combined with an uneven phase cov-
erage and the use of different instruments this could lead to
an erroneous detection of a seemingly significant eccentricity
(e.g. Laughlin et al. 2005; Albrecht et al. 2012a). We investi-
gated this here by creating a mock data set, where we used
MNRAS 000, 1–13 (2018)
A Jupiter and Neptune in a triple-star system 11
18
0
15
0
12
0 90 60 30 0 30 60 90 12
0
15
0
18
0
c (deg)
0.0
0
0.0
5
0.1
0
0.1
5
0.2
0
0.2
5
0.3
0
e c
Figure 7. The 2D 68%, 95% and 99.7% posterior distribution
from the eccentric analysis described in Sec. 4.4 (black) and from
an analysis of RVs from a simulated circular orbit with added
Gaussian noise corresponding to the real RV errors (grey). The
analysis on the mock circular data allows for moderate eccentric-
ities – with its confidence limits overlapping near ω = 90 deg –
suggesting that with the data at hand we are not able to confirm
a non circular orbit.
the parameters of the circular solution from Table 4. With
this circular model we now created for each of the original
RV time stamp an RV ”data point”adding random Gaussian
noise corresponding to the RV uncertainties of the original
data. Finally we run our analysis on this simulated data set
just as we did for the real measurements. We repeated this
experiment several times, using different seeds for the Gaus-
sian noise. A typical example of the posterior of e and ω
for the simulated circular data is shown in Fig. 7 (grey), to-
gether with the posterior from the eccentric analysis on the
real data (black). We find that the uncertainty intervals for
e are largest around ω = +90 deg, and indeed the 2D confi-
dence intervals between the mock and real data do overlap.
This suggests that the eccentricity we find from the eccentric
analysis of the real data is suspicious and should serve as an
upper bound on the eccentricity only. We therefore adobt
the circular solution, which parameters are reported in Ta-
ble 4, and note that from the eccentric analysis the one-sided
3σ upper limit on the eccentricity is e < 0.241. Nonetheless,
varying e and ω only reveals minor changes in the rest of
the system parameters, with almost all being within 1σ of
the circular values (see Table B2).
5 DISCUSSION
5.1 Properties and composition of the planets
Planet b is exposed to intense radiation from the host
star. With a distance to the star of 0.0923 ± 0.0066 AU or
13.15+0.69−0.66R?, it receives an incident flux of ∼ 400F⊕. This
puts it outside of the super-Earth desert (Lundkvist et al.
2016). It also resides above the radius valley (Fulton et al.
2017; Van Eylen et al. 2018c), suggesting that the planet is
not undergoing photo-evaporation of its outer envelope.
Given the relatively low incident flux of planet c of
∼ 0.6 · 108 erg s−1 cm−2, the planet lies below the threshold
of 2 ·108 erg s−1 cm−2, where irradiation might inflate it (De-
mory & Seager 2011). The planetary radius may therefore
be directly compared to the models presented by Fortney
et al. (2007), revealing a mass of the planetary core of about
∼ 25 − 50M⊕13. However, in these models all solids are as-
sumed to be located in the core. The models of Thorngren
et al. (2016) allow for metal enrichment and for solid mate-
rials to be located in the planet’s gaseous envelope. Using
these semi-empirical models, we retrieve a planetary bulk
metallicity Z = 0.133 ± 0.036 and a heavy elements mass of
49.5±6.4M⊕, with 10M⊕ distributed inside the core and the
remaining mixed in the envelope.
5.2 Formation
We find that the orbit of the warm Jupiter K2-290c has an
eccentricity e < 0.241, and the existing RV data are com-
patible with a circular orbit. This is consistent with the
picture presented in Dawson & Murray-Clay (2013), where
warm Jupiters with low eccentricities orbit metal-poor stars
([Fe/H]= −0.06 ± 0.1). The orbital eccentricity is too small
for the planet to be a proto hot Jupiter undergoing migra-
tion through tidal friction (Dawson & Johnson 2018, Fig. 4).
This does not rule out high-eccentricity migration through
secular gravitational interactions, causing the planetary ec-
centricity to undergo oscillations excited by a nearby mutu-
ally inclined third body (Petrovich & Tremaine 2016). For
this to happen, a solar-mass perturber needs to be within a
distance of ∼ 30 AU, and a Jupiter-mass perturber within
∼ 3 AU (Dong et al. 2014), for a warm Jupiter 0.2AU away.
With a projected distance of 113 ± 2 AU even star B – the
closest companion – is too far away. Neither from the AO
images nor the transit light curve do we find evidence for an
additional close-by companion. Furthermore, it seems un-
likely that the warm Jupiter and mini-Neptune would re-
main coplanar following these orbital perturbations, which
is likely to produce higher mutual inclinations (Pu & Lai
2018). However seeing both planets in transit do not neces-
sarily guarantee coplanar orbits, as we might have observed
them along the line of nodes. It should also be noted, that
even though the distances between the host star and its two
stellar companions are in agreement with the outcome of
simulated high-eccentricity migration of Jupiters in triple
star systems in Hamers (2017), these simulations fail to pro-
duce warm Jupiters in any significant number.
With an eccentricity < 0.4 and with the presence of
its mini-Neptune sibling, K2-290c fits the picture presented
in Huang et al. (2016): low eccentricity warm Jupiter sys-
tems have inner low-mass companions with low mutual in-
clinations. They argue that this suggests that warm Jupiter
might originate from two different formation mechanisms: 1)
high-eccentricity systems (e > 0.4) are formed through high-
eccentricity migration and 2) low-eccentricity systems form
in situ, since disk migration would clear out any companions
in the warm Jupiter neighbourhood. The latter is consistent
with the core mass of ∼ 10 − 50M⊕, which is sufficient for
the run-away accretion phase of in situ gas giant forma-
tion at distances of 0.1-1.0 AU from the host star (Rafikov
2006). However, as noted in Dawson & Johnson (2018), disk
13 From the extended webtable of Fortney et al. (2007).
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migration should not be ruled out as the origin channel of
the warm Jupiter in these kind of systems, as the migra-
tion of the giant planet might have occured before the in
situ creation of its small sibling. This suggests that K2-290c
originate from either in situ formation or disk migration.
A way to further test the origin of K2-290c would be
to measure the system’s spin-orbit angle. Here, alignment
would point towards the system having been dynamically
stable and formed in situ or through disk migration, while
misalignment would suggest early instabilities and migra-
tion. The spin-orbit angle can be measured through the
Rossiter-McLaughlin (RM) effect (Rossiter 1924; McLaugh-
lin 1924), of which K2-290 is an excellent target: From the
values of v sin i? ∼ 6.5 ± 1.0 km s−1 and Rp/R? ∼ 0.07, we
expect an amplitude of the RM signal of about ∼19 m s−1,
taking limb darkening and the eccentricity into account. The
host star is bright (V = 11.11), allowing for a high SNR and
small RV errors, which makes the RM effect easily detectable
with high resolution fiber-fed stabilized spectrographs. In
addition, with an impact parameter of ∼ 0.5, there should
be no degeneracy between the spin-orbit angle and v sin i?.
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APPENDIX A: INPUT FOR THE BESANC¸ON
MODEL
The Besanc¸on Galactic population model (Robin et al. 2003)
is initialized at a 1 deg2 area centered on the galactic co-
ordinates of star A (l = 348.0523 deg, b = +27.5996 deg).
We do the calculations without kinematics and use the dust
map of Marshall et al. (2006) assuming no dispersion on the
extinction. With these settings we calculate the number of
background sources in a 10 kpc radius brighter than H = 15,
which safely encompasses errors on the H-magnitude of star
B. This is used to estimate the chance alignment probability
in Sec. 3.2.
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Figure B1. Same as the right part of figure 1, but where the frequency analysis includes simulated data in planet b’s spotty phase
region of 0.1-0.3. The mock data were created by adding Gaussian noise equal to the mean noise value of the real data, 6.7 m s−1, to a
Keplerian model. The simulated data in this specific LS periodogram is done with K = 1.6 m s−1, and can be seen as the inset in the
right corner (with this specific Keplerian model shown as a black line). The analysis was repeatedly performed for values of K up to the
upper limit of 6.6 m s−1. In neither of these, the planet was detected above the FAP treshold of 0.1%.
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Table B1. Radial velocities and related values for K2-290 using the HARPS, HARPS-N and FIES spectrographs. We list the barycentric
time of mid-exposure, the RVs, the instrumental RV uncertainties (σRV ), the bisector span (BIS) and the FWHM of the CCFs, the
exposure times (texp), the signal-to-noise ratios (S/N), and the instrument used for a specific observation. Notes.
∗S/N is per pixel and
is calculated at 5500 A˚.
Time (BJDTDB) RV-19700 (m s
−1) σRV (m s−1) BIS (m s−1) FWHM (km s−1) texp (s) S/N* Instr.
2458172.894740 21.7 3.2 55.1 10.9581 1800 72.3 HARPS
2458175.890871 23.9 3.9 35.0 10.9632 1500 60.8 HARPS
2458191.878876 73.0 3.4 35.3 10.9514 2100 68.6 HARPS
2458193.866635 71.5 4.1 44.4 10.9822 1500 53.4 HARPS
2458194.862556 85.6 3.6 53.7 10.9684 1800 65.3 HARPS
2458197.846021 93.1 3.9 53.7 10.9733 1800 59.2 HARPS
2458220.814348 22.7 4.0 45.4 10.9481 2400 56.6 HARPS
2458221.728938 23.0 4.8 60.5 10.9637 1800 46.7 HARPS
2458222.818965 20.2 4.6 34.4 10.9358 1800 50.9 HARPS
2458249.764215 103.6 4.1 44.9 10.9486 2300 57.5 HARPS
2458250.805571 106.0 4.2 47.6 10.9872 2100 55.9 HARPS
2458324.611686 29.1 5.3 9.7 10.9769 2400 45.1 HARPS
2458325.576369 28.6 5.1 39.6 10.9385 2400 47.4 HARPS
2458329.488931 43.2 3.8 34.4 10.9725 2100 58.5 HARPS
2458330.491675 41.6 3.3 42.0 10.9761 2100 68.6 HARPS
2458359.508754 58.6 4.0 38.6 10.9721 2400 56.7 HARPS
2458169.785818 28.2 11.2 68.0 11.0293 1200 25.7 HARPS-N
2458202.702616 107.7 8.0 83.0 10.9708 3600 34.0 HARPS-N
2458219.700532 26.3 4.7 60.4 10.9347 2100 52.8 HARPS-N
2458220.703092 20.6 7.0 61.0 10.9395 2100 38.0 HARPS-N
2458221.698890 5.8 8.0 95.4 10.9209 2100 33.6 HARPS-N
2458314.421992 49.0 5.4 42.4 10.9777 1800 47.2 HARPS-N
2458251.583280 -36.5 15.3 46.8 16.8868 3600 32.2 FIES
2458253.621643 -34.5 8.8 34.6 16.7709 3000 54.5 FIES
2458258.606573 -55.3 7.0 44.4 16.9018 3600 62.7 FIES
2458259.540916 -61.2 15.0 11.5 16.8045 3600 31.2 FIES
2458260.606755 -77.0 11.7 34.1 16.8718 3600 48.5 FIES
2458261.593343 -77.9 10.0 21.5 16.8944 3600 49.2 FIES
2458279.486551 -81.2 8.3 96.9 16.8609 3600 59.0 FIES
2458280.504146 -81.6 10.3 28.3 16.8988 3600 49.5 FIES
2458289.458960 -45.3 8.2 48.9 16.8567 3600 61.1 FIES
2458290.453468 -50.4 8.4 32.1 16.8290 3600 59.9 FIES
2458313.447528 -89.0 7.1 34.7 16.8713 3600 58.3 FIES
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Table B2. Same as Table 4, but with the eccentric solution of planet c’s orbit. Notes: *Because of ω = 70.0 ± 9.0 deg being close to
90 deg, we regard this solution as highly suspicious (se Sec. 4.5).
Parameters from RV and transit MCMC analysis Planet c (eccentric)*
Quadratic limb darkening parameter c1 0.329 ± 0.037
Quadratic limb darkening parameter c2 0.219 ± 0.067
Noise term K2 σK2 0.0000209+0.0000044−0.0000052
Jitter term FIES σjit,FIES (m s
−1) 4.1+4.4−2.8
Jitter term HARPS σjit,HARPS (m s
−1) 1.5+1.6−1.0
Jitter term HARPS-N σjit,HARPS-N (m s
−1) 11.1+7.2−4.8
Systemic velocity FIES γFIES (km s
−1) 19.6316+0.0032−0.0033
Systemic velocity HARPS γHARPS (km s
−1) 19.7612 ± 0.0013
Systemic velocity HARPS-N γHARPS-N (km s
−1) 19.7611+0.0057−0.0059
Orbital period P (days) 48.36692+0.00040−0.00042
Time of midttransit T0 (BJD) 2458019.17336 ± 0.00029
Scaled planetary radius Rp/R? 0.06758 ± 0.00057
Scaled orbital distance a/R? 40.1 ± 1.5
Orbital inclination i (deg) 89.41+0.17−0.14
RV semi-amplitude K? (m s
−1) 41.1 ± 1.7√
e sin(ω) 0.354+0.043−0.050√
e cos(ω) 0.130+0.052−0.059
Derived parameters
Orbital eccentricity e 0.144+0.033−0.032
Argument of periastron ω (deg) 70.0 ± 9.0
Impact parameter b 0.358 ± 0.018
Total transit duration T14 (hr) 8.09 ± 0.47
Full transit duration T23 (hr) 6.92 ± 0.46
Planetary mass Mp (MJ) 0.819 ± 0.048
Planetary radius Rp (RJ) 0.993 ± 0.050
Planetary mean density ρp (g cm
−3) 1.11 ± 0.18
semi-major axis a (AU) 0.281 ± 0.017
Equlibrium temperature Teq (K) 704 ± 19
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